The use of field effect sensors for biological and chemical sensing is widely employed due to its ability to make detections based on charge and surface potential. Because proteins and DNA almost always carry a charge [1], silicon can be used to micro fabricate such a sensor. The EIS structure (Electrolyte on Insulator on Silicon) provides a novel, label-free and simple to fabricate way to make a field effect DNA detection sensor.
INTRODUCTION

Significance of Study
Food poisoning affects 11,500 Australians each day [3] . The effects can range from mild to severe reactions depending on the individual and their immune response. Several outbreaks have occurred over the past 20 years involving food poisoning and have lead to hospitalization and few deaths.
The seriousness of the issue has prompted companies, universities and research groups' world wide to work on a solution to satisfy the newly introduced policies. Traditionally, hygiene was evaluated using slow, lab dependent agar plate counts. These days several technologies are available which can measure hygiene either chemically or electronically. Chemical methods are fast, cheap, fairly accurate and easy to use. They are good for providing fast results. Most results are presented visually by a change in colour or precipitate formation.
Electronic evaluation kits are on par with chemical methods but are able to provide the user with more information. A portable electronic kit would normally house integrated smart electronics that are able to provide additional empirical information such as concentration levels and perform complex mathematical functions to allow chemical relationships to be shown. However, electronic kits are usually expensive and more difficult to maintain. The majority of times, the sensing platforms need to be replaced and calibration needs to be reconfigured afterwards to provide continued accurate results.
The heart of a biosensor lies in the sensing platform. The sensing platform consists of 2 parts -the electronic transducer and the bio recognition element [4] . The bio element plays the role as a signaler or event trigger. It is usually very specific and sensitive to the target of interest. The electronic transducer gathers the signal or triggered event and transforms it into an interpretable electrical signal that is processed by the on-board electronics of the device.
Sensing platform research has been an active area since the beginning of the 1960's. There is a large overlap of chemistry, biology, micro-electronics and physics. Silicon has been the most popular substrate of choice for many biosensing applications due its unique semi-conducting properties. Also, the natural ability of silicon to grow an oxide easily on the surface makes it an attractive material. Oxide is mainly used for passivation of the sensor to protect the sensor.
Silicon can be used in a variety of detection mechanisms for biosensing applications. The most common ones are conductimetric, amperometric and potentiometric detection. Conductimetric and amperometric methods are closely related and focus on measuring resistance and current signal changes respectively. Potentiometric on the other hand looks at voltage or potential signal changes. This research focuses on potentiometric detection by observation of field effects.
The use of field effect detection in sensing areas is increasing in popularity due to its extremely versatile and powerful data extraction methods. Field effect technology has been around for an appreciable amount of time and is used in many types of electronic components such transistors, capacitors and inductors. A field is generated wherever there is a charge or moving electrons (current). Electric fields are generated by point charges whilst magnetic fields are generated by traveling electrons. Our field effect sensors will rely on electric fields. Transistors and capacitors work on exploiting the fields caused by deposited charges whilst inductors exploit fields caused by current. The field effect sensor works by detecting these deposited charges. Only since the late 60's have they begun to be exploited in areas of biotechnology and bioscience.
Electrolyte on Insulator on Silicon Structure (EIS)
In this paper we will discuss micro fabricating the EIS structure to be used as our biological field effect sensor. The structure is shown in figure 1. It consists of a silicon substrate, insulator (Silicon Dioxide) and electrolyte (phosphate buffer solution). The EIS structure is similar to a capacitor in many ways. The silicon can be likened to the bottom plate of a capacitor and the electrolyte (biased by a reference electrode) becomes the top plate. Rather than have electron charges deposited onto a metal contact as in a capacitor, they are deposited by ion diffusion in the electrolyte. These ions are given their potential (energy) via a reference electrode in the electrolyte. The charges deposited on the surface of the insulator modulate the charge distribution in the insulator dielectric by creating temporary dipoles. These dipoles influence the surface potential in the silicon beneath, causing charge carriers to move in a doped silicon substrate. The carriers in silicon can either be repelled or attracted to the surface depending on the polarity of surface potential. As majority carriers become sufficiently repelled from the surface, a region is formed containing immobile fixed charges [5] . These charges are immobile because they are now in a state of equilibrium. Their bonding structure is firmly fixed to the crystal lattice since they have lost their "impurity" charge. This region is called the depletion region. This is useful for biological detection because we can modulate the depletion region width by applying a surface charge. Instead of using electrons or solution ions to induce the surface charge, we can use DNA strands. Each polypeptide unit contains a negative charge in its sugary backbone. So if DNA is brought close enough to the silicon surface, it will modulate the depletion region as if it were a capacitor [8] . Therefore, we can tell whether DNA is present or not by measuring the capacitance. To ensure we attract the DNA of interest to the surface, we must put down a set of capture probes. These are generally short oligonucleotide nucleic acid sequences whose structures are exactly complimentary to the target DNA we wish to sense. However, capture probes don't usually stick very well to silicon dioxide surface. To circumvent this, we need to deposit some sort of adhesion layer between the capture probes and silicon dioxide. The layer we chose to use was Poly-L-Lysine. Poly-L-Lysine is an amino acid that contains a positive charge in the backbone of its structure. The adhesion works by simple electrostatic attraction. The first step is to deposit PLL (Poly-L-Lysine) onto the substrate. Before we do that we must prepare the silicon dioxide for optimum adhesion to the PLL by creating negatively charged surface sites on the oxide. This involves a substitution and oxidation process and is described later in this paper [6] . Then we deposit our PLL either through spotting or spinning it on silicon. Figure 3 shows the electrostatic attraction that holds the structure together to form the EIS structure. Once that is complete, we are left with a sandwich of layers of the EIS structure. Now that we have the EIS structure, we need to be able to measure the response to the DNA with the highest sensitivity possible. We desire something that will provide us with a large signal out given a small signal in. Hence we really want the capacitance we are measuring to change by a quantifiable amount given that a minimal amount of DNA adheres to the surface. Here we must introduce the concept of a Capacitance / Voltage (CV) curve. The CV curve is a standard technique used to assess the quality of Metal-Oxide-Silicon capacitors. It gives information such as where the threshold voltage and the flatband voltage are located. However, we are concerned with the flatband voltage only. The threshold voltage is the voltage required to create a channel containing mobile minority carriers all condensed near the surface of the silicon / silicon dioxide interface. This regime is referred to as the inversion regime -which is opposite to the depletion regime which only contains fixed ions. The flatband voltage is the voltage required to ensure no surface potential exists between the silicon and insulator. It is the voltage required to compensate for an excess or deficiency of surface charges (which are causing a surface potential to exist) by removing them [7] . Effectively, it is the voltage required to bring the surface potential back to zero. Hence it removes any surface charges that are present at the silicon surface [7] . If there are no excess charges present at the silicon surface, then there will be no depletion layer. The graph seen in figure 4 is for typical p-type silicon. A negative voltage attracts the majority carrier holes to the surface. The capacitance here is large because the depletion layer has not been formed yet. This is called the accumulation regime. As the voltage increases, more and more majority carriers are being repelled or pushed away from the surface causing the depletion layer to thicken. As the depletion layer thickens, the capacitance decreases. This is represented by the declining slope in the CV curve. Finally, it reaches a point where no matter how much positive potential is applied, the capacitance just doesn't get any smaller. This is known as the inversion regime.
With a CV curve we can tell when surface charges or a surface potential is present. This is seen as a noticeable shift depending on the polarity of the induced potential. A typical shifted CV curve is shown in figure 4 . The dark line shows the original curve and the grey curve shows the shifted curve. If we bias the device at a certain point we can see the amount of change in the capacitance. The amount of shift is directly proportional to surface potential -ie. A larger DNA binding results in a larger shift. Our goal here is to find the optimum bias point so that we get to see a large change in capacitance given a small shift in surface potential. Therefore, to make the sensor as sensitive as possible, we need to locate a spot on the curve with the largest slope. This can be found mathematically by differentiating the curve and looking at the peaks. This research focuses on using EIS as the generic platform for a biosensor based on the field effect detection principle. The ultimate goal of this research will be to develop a multi-array sensor system based on conventional silicon for the detection of food pathogens such as Salmonella, Campylobacter and E.Coli. The novelty of incorporating a differential system, multi-array and reference electrode all micro-fabricated onto a single substrate provides for portability, cost effectiveness and minimized reagent use. Detections are based at the DNA level and not the cellular level. Therefore, specificity is very high. We are striving to increase the detection sensitivity using our differential system. The final product will be seamlessly integrated onto a micro-fluidic biochip incorporating DNA amplification. The field effect sensor has been fabricated into a micro-fluidic channel so it can be incorporated easily and seamlessly onto the biochip system. The biochip system incorporates a system called PCR (Polymerase Chain Reaction) to amplify DNA strands using the traditional thermo-cycling process. The amplified DNA is then pumped through a series of fluidic channels onto our developed sensor platform to perform detection.
MATERIALS & METHODS
Sensor
The EIS structure is a sandwich of layers consisting of silicon, Silicon Dioxide (quartz), biolayer(s) and electrolyte. The substrate layer consists of moderately doped (10 14 ) 100 plane n-type silicon. The substrate is passivated by a layer of 50nm thermally grown oxide at 1100ºC for 2hrs in an oxygen furnace. The next layer is functionalized with Poly-LLysine to act as the immobilization layer. Finally, specially designed sequences of nucleic acids are to be deposited upon the PLL which electro-statically adhere to the Poly-L-Lysine layer in an electrolyte solution (not achieved yet in this paper). The electrolyte is confined on the sensor by a plastic funnel. The funnel is sealed on the sensor with Silicon Rubber as shown in figure 5 . A double junction Ag/AgCl reference electrode (Ionode IJ14) provides the stable potential. The LCR meter (HP4284A) is a computer controlled probe which scans the capacitance whilst sweeping the voltage steps. The different layers serve a specific purpose. The oxide is there to prevent the solution from leaching onto the silicon substrate and reacting with its surface. The Poly-L-Lysine acts as an immobilization layer by tethering negatively charged capture probes to its binding sites.
Reagents
The Electrolyte is made up of 10mM of Sodium Phosphate buffered solution (pH 7). Poly-L-Lysine of 0.1mg/ml (water base) concentration is functionalized by spotting 1ml onto the sensing area of the substrate. The ionic concentration of the solution should be kept at a minimum to reduce the effects of unwanted ions contributing to the surface potential also referred to as background noise [9] .
It is known however, that the reduction of ionic concentration reduces the ability of DNA to hybridize. Since each nitrogenous base pair in a DNA strand is equivalent to a negative charge unit, the overall charge of a strand is determined by how long the strand is. Two strands of complementary DNA therefore, tend to have a small electrostatic repelling effect [8] . To compensate for the low ionic concentration and repelling effect, a thin layer of positively charged film is functionalised onto the sensor surface. In this case the film consists of a polypeptide chain where the R group is a typical amine (CH 2 ) 4 NH 2 , also known as lysine. Figure 6 shows the chain where NH 2 has been protonated to form a positively charged R group. PolyLysine can be attached to the oxide surface by immersing the substrate into the polyelectrolyte solution containing salts. The level of salts determines how well the Lysine will adhere to the surface. "An increase in salt concentration (NaCl) decreases the Polyelectrolyte repulsion, leading to improved absorption, but compacts the electric double layer, leading to repulsion and competition for surface ions which in turn leads to desorption" [10] . It has been noted in literature that the optimum absorption amount occurs in 10-100mM of salt (NaCl) in solution [11] , which is added to the Phosphate solution. The positively charged PolyLysine will attach to the negatively charged oxide surface through electrostatic interactions [8] . The negative charge in the silicon dioxide is achieved by deprotonating the Silanol groups and leaving dangling (SiO -) along the surface. One method to achieve this is to thermally grow the Silicon Dioxide and treat with boiling Sodium Hydroxide (NaOH) to generate (Si-ONa). Then immerse into Hydrochloric Acid (HCl) to substitute the Sodium ions with Hydrogen, forming the Silanol group (SiOH) [6] . Since Silicon Dioxide has a low isoelectric point ("pH at which the surface is electrically neutral" [12] ), it is possible to deprotonate the Silanol group (SiOH), by exposing it to a solution of moderate pH (greater than the isoelectric point). Here the Hydrogen ions easily dissociate from the (SiOH) to form (SiO -).
The next step will be to attach the probe oligonucleotides to the polyLysine by injecting it into the electrolyte cell and incubating for approximately 1hour. Note this is in the process of being done and is a possible discussion for a future paper.
PolyLysine preparation involves using standard protocol procedures similar to those used for glass slides. The substrate surface needs to be rigorously cleaned using a glass wash solution. The solution is designed to remove organic matter, oils and fine dust. The wash solution is a combination of 90% EtOH, NAOH and Millipore culture grade H 2 0. A cotton bud is dipped into the solution and gently swabbed over the sensing area for approximately 5 minutes and then blown dry using a nitrogen gun. It is then packed away in a clear airtight container ready for poly-Lysine deposition.
Fabrication Method for single sensor Prototype
Initially the device was fabricated as a single EIS sensor. This prototype eliminates the need of using a funnel as seen in figure 5 and incorporates a microfluidic channel so it is physically compatible with the biochip that it will be finally integrated into.
The sensing surface was cut to 2mm x 2mm and is 175um thick. The sensor will be integrated into a micro-fluidics channel, so the sensor dimensions should agree with the fluidic channel dimensions. It will be fabricated into a continuous flow through device so the sensor itself needs to be a channel to provide seamless integration into the fluidic system. 175um is a relatively deep channel and requires aggressive and fast etchants, whilst maintaining smooth surface areas to not hinder the flow of liquids. HNA (Hydroflouric acid, Nitric Acid and Acetic Acid) is one type of etchant that satisfies all these requirements. It etches at approximately 3microns/minute and provides a smooth featureless etch. However, because it is an isotropic etchant, it will produce curved walls. This feature will not deteriorate the natural flow mechanism of the device and may enhance the sample-containing capacity. Due to the aggressiveness of the etch solution, the number of masks available are limited to Silicon Nitride, Gold and Platinum (due to their chemical inertness). Platinum was chosen since Gold was not a CMOS compatible metal. Silicon Nitride was too expensive and unavailable at the time. Photoresist is used to pattern the platinum mask and etched away in a 3:1 Aqua Regia solution (Hydrochloric Acid and Nitric Acid).
After etching out the channel trench, an insulating layer is grown to passivate and protect the silicon surface from the biological components. The insulator is grown by thermal oxidation at approximately 1200deg producing a thin layer of Silicon Dioxide. The back of the substrate is removed of any oxide by soaking in buffered Hydrofluoric Acid, whilst the oxide on top of the substrate is protected with hard baked photoresist. Once the oxide on the back has been stripped, a low impedance metallic contact (aluminum) is evaporated onto the backside of the substrate.
The electrical contact is completed by placing a reference electrode into the solution. The reference electrode will bias the solution and deliver the high frequency AC signal. We envision microfabricating our reference electrode using an Ag/AgCl screen-printing process designed for mass manufacturing. This is shown in figure 7B . An Ag/AgCl ink is deposited through a stencil onto a conductive substrate such as copper where electrical contact can be made. It is cured for approximately 1hr at 120deg [13] . A protective layer of SU8, PDMS (Poly-DimethylSiloxane) or PMMA (Poly(methyl methacrylate) film is then spun over the electrode. It is then flipped over to encapsulate the channel and cured at low temperatures to bond the cover over the substrate. It is assumed the sensor has already been functionalised with the biological sensing elements at this point. Instead, we have used a stainless steel tube as a replacement pseudo reference electrode for Ag/AgCl ink process. This is seen in figure 7A .
Channel/Chamber
Stainless Steel 
RESULTS AND DISCUSSION
Measurement Method
The measurements reported here were taken from the structure shown in figure 5 . No Poly-L-Lysine was deposited in these measurements. Here the bare silicon dioxide is directly exposed to the electrolyte. The silicon dioxide becomes the sensitive layer for detecting changes in pH of a solution.
To optimize the measuring sensitivity, we must find a spot in the C-V curve (capacitance-voltage) where a small change in voltage will result in a large change in capacitance. The change in voltage is caused by a shift in the flatband voltage when DNA adheres to the sensor surface. To do this, we place the structure in an LCR meter and measure the capacitance while we step the voltage. Figure 8A shows the general waveform for a typical C-V curve measured on our LCR meter. The DC voltage was stepped at 0.1volts every second between -3volts and 3volts. The frequency was held at 20Hz coupled with a 20mV AC signal. The imposed AC signal was used to measure the capacitance. 20Hz was chosen as it produced a clear CV curve with large capacitance values. Frequencies above 1kHz gave unstable results and inconsistent readings.
The graph also shows a low frequency C-V curve in solutions of varying pH. The shift expressed by different pH levels are represented by a shift in the flatband voltage. This is caused by a chemical reaction happening on the surface resulting in ion exchange. The shift seen in the graph is approximately 0.5volts between a pH level of 6.8 and 12.3. This corresponds to a maximal change of 15nF when the optimal bias point of -1.1V is chosen (chosen from the left peak in the differential capacitance graph). Buffered solutions of known pH were used here so the effects of a wet reference electrode do not interfere with the test solution. It was noticed that Silicon dioxide is an interesting material that exhibits acidic properties. When placed in a basic solution, the acidic properties of SiO 2 react with the basic electrolyte to produce salt and water [14] . The chemical reaction is:
This is why a noticeable shift in flatband voltage can be observed in figure 8A for a pH of 12. 3. This is how a pH field effect sensor works. Silicon dioxide is probably not the best material for a pH sensor since it only reacts to basic solutions. There are far better amphoteric materials out there which respond to both basic and acidic solutions. From figure 8A it is possible to calculate the optimal bias point by differentiating the C-V curve. Figure 8B shows the result after the calculation. The peaks show the regions where the slope is steepest. A larger peak corresponds to a steeper curve -the most sensitive region for measurement. 
FUTURE WORK
So far we've only discussed the EIS structure to be used as a single sensor platform. This has many disadvantages such as drift, ion interference, noise, reference electrode drifts, no ability to compare DNA mismatches, and measures only one species at a time.
We aim to improve the sensor by introducing multi-arrayed differential sensing. In differential sensing two sensors are required to measure 1 species. One sensor will act as a reference whilst the other will be the active or working sensor. The active sensor is functionalized with capture probe A and second sensor with capture probe B. A solution containing a sequence complimentary to capture probe A is injected and the net capacitance measured. The net capacitance is the Figure 8A pH = 12.3 result of the difference in capacitance between the two sensors. This approach helps reduce noise caused by counter-ion interference, non specific binding and the "floating" electrode problem.
CONCLUSION
So far it was proved that it detects changes in pH and can be used as a simple pH sensor. An EIS structure has been highlighted here as the platform for pathogen detection using the field effect phenomenon. The structure is improved upon by eliminating noise and interference using a pair of sensors. The results highlighted in the paper show the single sensor system is moving toward becoming a biological sensor.
